We propose and demonstrate a powerful approach to spectral bandpass engineering (apodization) of onedimensional channel-waveguide Bragg ref lectors. Bandpass engineering is accomplished by precise photolithographic control of the length and the longitudinal placement of individual grating lines, which provides unique line-by-line diffractive amplitude and phase control. Channel-waveguide gratings that exhibit complex filtering functions have been fabricated and modeled. When a second-order apodization effect that comprises effective waveguide refractive-index variation with grating-line length is included in the simulation, extraordinary agreement between predicted and observed spectral passband profiles is obtained. 
An inherent strength of Bragg ref lectors is that, in principle, they can be designed to implement a broad range of spectral filtering and processing functions. For weakly ref lecting devices, the grating's ref lection spectrum is simply related to the spatial Fourier transform of the effective ref lection coeff icient expressed as a function of position into the grating. It follows that the key to engineering of virtually arbitrary spectral filtering and processing functions is the ability to precisely control ref lective amplitude and phase as a function of depth into the grating-preferably on an individual grating-line basis. We introduce here an approach to achieving such control and demonstrate through device fabrication the complex spectral f iltering functions that it enables.
One-dimensional Bragg structures may be created in f ibers or in channel waveguides by use of surface relief 1, 2 or volumetric 3 diffractive surfaces and may be apodized in various ways. 4 -13 Apodization methods demonstrated previously do not provide for suff iciently high-resolution (line-by-line) control of diffractive element (grating-line) amplitude and phase. Recently we demonstrated 14 that photolithographic writing of slab-waveguide-based two-dimensional Bragg structures provides control of the ref lective amplitude and phase of grating-constituent diffractive elements on a truly line-by-line basis. Here we demonstrate a different apodization approach that is useful for one-dimensional lithographically scribed Bragg gratings contained in channel waveguides. The method is based on controlling the ref lective amplitude of individual grating lines by adjustment of their length (transverse to the channel waveguide). Phase control of light ref lected from each grating line is achieved by means of spatial displacement along the waveguide axis. The present channel-waveguide grating apodization method is, to our knowledge, unprecedented in its ability to manipulate ref lective amplitude and phase of individual grating lines. Line-by-line controllability stems from the apodization scheme and its method of implementation, i.e., by computer design, laser-written photomask, and deep-UV photolithographic fabrication. To demonstrate the power and f lexibility of this apodization approach, we designed and fabricated two channel-waveguide f ilters with quite different spectral transfer functions. The simulated and achieved spectral responses of these devices are displayed in Fig. 2 . A first channel-waveguide Bragg filter was designed to have a 4-nm-wide f lat-top spectral passband. The grating had a length of ϳ1.1 cm. The grating pitch was chirped to create the 4-nm bandwidth. An additional phase and super-Gaussian amplitude apodization were employed to minimize passband ripple. Figure 2 (a) depicts the f irst passband prof ile calculated from the computer-generated spatial design by a Fresnel-Huygens diffraction method. Figure 2(b) gives the measured spectral transfer function of the fabricated device for TE-polarized input light. The achieved passband prof ile closely reproduces the designed passband. The measured insertion loss (IL) was ϳ8 dB, which includes ϳ1 dB for fiber-towaveguide coupling. The slight passband ripple at the f ilter's short-wavelength side and the slower (compared with that of the design) long-wavelength falloff arise from a second-order apodization effect that comprises an effective refractive-index variation concomitant with amplitude apodization. Measurements of various test grating structures, each with grating lines of f ixed length, showed a small and approximately linear variation of effective waveguide refractive index with grating-line length. The fractional effective index difference between a waveguide without a grating and one with a grating whose lines are of maximal line length was found to be 22 3 10 24 . Figure 2(c) shows the simulated passband prof ile with inclusion of the measured apodization-induced effective refractive-index change. The simulation now clearly reproduces all features of the fabricated device.
As a second example of spectral passband engineering by the present apodization method, we designed a multipeak spectral f ilter. The 19-mm-long grating has eight, approximately 1-nm-wide, spectral peaks spanning a total bandwidth of 15 nm. To span such a large spectral region, the grating period L is stepped and chirped. Tailored phase modulation is introduced to reduce spectral ripples. Figure 2(d) is a Fresnel-Huygens diffraction calculation of the bandpass function expected from the computer-generated design. Figure 2(e) shows the measured relative ref lection spectrum for TE input polarization. The insertion loss observed, including fiber coupling, was ϳ8.5 dB, implying an intrinsic device IL of ϳ7.5 dB. Although the measured bandpass prof ile of Fig. 2(e) is in general agreement with the constant-index calculation of Fig. 2(d) , some distortions are evident. In Fig. 2 (f ) a bandpass simulation based on fabricated grating design and incorporating the effective index dependence on amplitude apodization is given. The agreement between Fig. 2(f ) and the measured bandpass spectrum of Fig. 2(e) is remarkable. We conclude that design algorithms that incorporate the observed coupling between effective index and amplitude apodization will produce passbands that are precisely as designed.
When the multipeak spectral f ilter is measured in transmission at the wavelength of peak ref The measurements shown in this Letter employed TE-polarized input signals. For TM input the grating bandpass functions were observed to shift by approximately 10.15 nm and to exhibit an additional insertion loss of 1.2 ͑60.1͒ dB, which can be decomposed into a grating-intrinsic polarization-dependent loss of 0.8 ͑60.2͒ dB and a channel-waveguide -f iber coupling polarization-dependent loss of 0.4 ͑60.1͒ dB. Changes in ref lective bandwidth with polarization indicate that observed grating-intrinsic polarization-dependent loss stems from a polarization-dependent grating ref lectivity rather than from power loss. Measurements of first-and fourth-order unapodized reference gratings collocated in a single-channel waveguide reveal polarization-dependent wavelength shifts of 0.18 and 0.15 nm, respectively. As grating-mediated wavelength shifts should be roughly four times smaller in the higher-order grating, we conclude that the polarization-mediated wavelength shift observed stems primarily from waveguide birefringence.
The observed polarization-dependent wavelength shift indicates an aggregate (fractional) birefringence of magnitude 1 3 10 24 . A simulation based on the beam propagation method found the form birefringence for a 2 mm 3 6 mm waveguide to be only 2 3 10
25 . This result suggests that the observed birefringence is largely attributable to strain, a known problem of the silica-on-silicon platform that may be overcome by use of strain-relieving grooves yielding essentially polarization-independent gratings. 15 We furthermore note that the subnanometer wavelength shifts observed here do not interfere with proper operation of wide-passband devices such as the one demonstrated in Figs. 2(a)-2(c) .
In summary, we have proposed and demonstrated a novel apodization concept for lithographically scribed one-dimensional Bragg gratings that, together with computer-generated design, laser photomask writing, and deep-UV reduction lithography, provides complete control of amplitude and phase of individual grating lines. We have demonstrated its application to several devices with tailored spectral transfer functions. An amplitude-apodization-dependent variation in effective waveguide refractive index has been identif ied whose inclusion in design algorithms promises the production of highly accurate spectral prof iles.
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